We report soft X-ray spectra~4-18 nm! produced by the interaction of 25-100-fs laser pulses at an intensity of up to 7 ϫ 10 16 W0cm 2 with a cryogenically cooled Ar gas jet. New spectral lines from Ar , which suggests that the resonance absorption condition could be reached for the 100-fs pulse.
INTRODUCTION
The interaction of high-intensity, femtosecond laser pulses with atomic clusters of noble gases has attracted much interest in the past few years~McPherson et al., 1993; Ditmire et al., 1996; Rose-Petruck et al., 1997 !. The main characteristic of a gaseous cluster is the near-solid density inside the cluster~while the average density is low! which results in an enhanced absorption of laser energy via collisional processes~inverse bremsstrahlung, resonance absorption! and consequently in an increase of X-ray conversion efficiency. Experimental studies have shown that laser-irradiated clusters could be a source of strong X-ray radiation ranging from extreme ultraviolet~XUV! up to hard X-ray emissioñ McPherson et al., 1993; Ditmire et al., 1996 !. Efficient generation of X-rays from such a compact, high-repetition rate and debri-free source is very attractive for potential application in XUV lithography.
A common way to achieve cluster formation is via an adiabatic expansion of gas from a high-pressure valve into a vacuum. The onset of clustering in an expanding gas jet can be estimated with the help of the so-called Hagena parameter~Wörmer et al., 1989!, ,~1! where p 0 is the backing pressure~in millibars!, T 0 is the preexpansion gas temperature~in degrees Kelvin!, d is the nozzle diameter~in microns!, a is the expansion angle, and k is the condensation constant depending on particular gas for example, k ϭ185 for Ne, 1650 for Ar, and 5500 for Xe!. The number of atoms per cluster~N c ! scales as G *2.0-2.5 Farges et al., 1986! and published data indicate that clusters composed of about 100 atoms can be formed when G * Ͼ 10 3 depending on the particular valve and the experimental condition~Wörmer et al., 1989; Ditmire et al., 1998!. Though the laser-cluster interaction has been investigated by several groups, most experiments have been performed at room temperature using high pressure valves, and just a few results have been obtained with cooled targets~McPherson et al., 1994; Ditmire et al., 1997!. Among several theoretical models that have been proposed to describe the laser-cluster interaction, the hydrodynamic model developed by Ditmire et al.~1996 ! is being accepted due to the good agreement with experimental results~Zweiback et al., 1999!. In this model, each cluster is considered as a small ball of high-density plasma and the main processes involved in the interaction are: optical field ionization~OFI!, heating through inverse bremsstrahlung, collisional ionization by thermal and laser-driven electrons, and cluster expansion. The short~subpicosecond! pulse duration of a driving laser is essential for an efficient transfer of laser energy into plasma electrons on a time scale shorter than the disassembly time of cluster, that is, an upper limit for the laser pulse length. If the laser pulse is longer than the time necessary for the cluster to expand to the condition n e ϭ 3n c , where n e is the plasma electron density and n c is the critical density, where the oscillating laser field resonantly drives the free~ionized! electrons in the cluster, collisional heating can be greatly enhanced. This effect is called spherical resonance absorption and has been considered as a major heating mechanism in the laser-cluster interaction~Ditmire et al., 1996 , 1998 Zweiback et al., 1999!. However, when using an extremely short pulse, the contribution of spherical resonance absorption should be marginal since by the time it takes to reach the resonance condition, the laser pulse is past. Even in this case, the interaction of an ultrashort laser pulse with a near-solid-density cluster can still be efficient due to collisional processes. Experimentally, laser pulses typically longer than 100 fs have been used to irradiate clusters of noble gases while the interaction with pulses shorter than 50 fs has not been explored yet.
In this paper, we give a detailed overview of our recent investigations~Mocek et al., 2000! on soft X-ray emission from a cryogenically cooled Ar gas jet irradiated with intense, femtosecond laser pulses.
EXPERIMENTAL ARRANGEMENT
The experiments have been performed with a Ti:sapphire chirped-pulse-amplification~CPA! laser system delivering 25-fs pulses at a fundamental wavelength of 810 nm. We were able to vary the laser pulse length from 25 fs up to 100 fs by changing the distance between gratings in the pulse compressor. Figure 1 shows a general layout of the laser system. Great care was taken to eliminate undesirable prepulses which could result in the fragmentation of clusters and creation of an underdense plasma before arrival of the main heating pulse. Therefore the Ti:sapphire oscillator was operated in a cavity-dumped mode~Cha et al., 2000!, and the prepulse to main pulse ratio lower than 10 Ϫ5 has been measured. In the cavity-dumped mode, 17.5-fs pulses at a repetition rate of 167 kHz could be generated and the energy per one pulse was around 30 nJ at a maximum dumping efficiency of about 50%. The femtosecond pulses from the cavity-dumped oscillator were stretched in time to a pulse length of approximately 200 ps. A single stretched pulse was then selected by a Pockels cell at 10 Hz, efficiently synchronized with the pumping of amplifiers. The selected pulse was injected into an 8-pass preamplifier pumped by the second harmonic of a Q-switched Nd:YAG laser. The output pulses containing energy of 4 mJ were up-collimated to a diameter of 6 mm, and further amplified in a 5-pass power amplifier. When the power amplifier was pumped by 450 mJ of green~532 nm! light from the Nd:YAG laser, the maximum output energy could reach 100 mJ. After amplification, the laser pulse was recompressed using two parallel~135 ϫ 135 and 90 ϫ 90 mm! gold coated holographic gratings with 1200 grooves0mm and a first-order diffraction efficiency of about 90%. The entire compressor system was enclosed in an evacuated chamber. The energy throughput from the compressor was about 45%. A long wavelength injection method~Cha et al., 1999! was successfully used to achieve a broad amplified spectrum of about 50 nm. The laser pulse duration was measured by the frequency-resolved optical-gating technique~Hong et al., 1998!. The final polarization of the laser beam was linear and the laser was capable of delivering up to 50-mJ, 25-fs pulses onto the target at a repetition rate of up to 10 Hz.
The linearly polarized laser beam was focused with an f ϭ 45-cm spherical mirror, yielding the maximum peak intensity of about 7 ϫ 10 16 W0cm
2
. Figure 2 shows a schematic of the used cryogenically cooled gas jet. The gas jet was produced by a solenoid-driven pulsed valve fitted with a 200-mm-diameter circular nozzle. The laser illuminated the gas jet perpendicularly with respect to the flow of the gas and the laser focus was placed about 0.5 mm above the nozzle tip. The gas was cooled by passing through a reservoir filled with cold nitrogen gas or liquid nitrogen which was forced under pressure from a separate liquid nitrogen 
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T. Mocek et al. bath. The nozzle was directly attached to the reservoir as shown in Figure 2 , providing additional cooling. The temperature just before the solenoid valve was measured with a thermocouple inserted into the copper pipe carrying Ar gas. Using this arrangement, gas could be cooled from room temperature down to about 163 K. We have not observed any significant drop of backing pressure in the valve that could indicate the formation of liquid droplets instead of clusters. The use of the reservoir for precooling of the gas has made it possible to operate the valve at a repetition rate of 10 Hz without substantial change in the gas temperature. The presence of clusters in the cooled jet was confirmed with the help of the Rayleigh scattering technique. The gas jet was illuminated by a low-energy frequency-doubled Nd:YAG laser~l ϭ 532 nm, t ' 10 ns! focused with an f ϭ 40-cm lens. The 908 side-scattered light was collected and imaged on a photomultiplier with an f ϭ 2.5-cm lens. For Ar at 1 MPa, we observed a weak signal above the noise level around 253 K, and with decreasing temperature, the scattered signal exhibited a nonlinear increase, clearly demonstrating formation of clusters. By performing a pressure scan at low temperatures we found that the scattered signal scales as p 0 3.5 , which is in very good agreement with published data~Smith et al. , 1998!. Figure 3 shows the scattered light signal from Ar at 151 K as a function of backing pressure. The quantitative estimation of the average cluster size was based on an assumption that the observed onset of optical scattering~i.e., detection of a scattered signal above noise level! corresponds to approximately 100 atoms per cluster~Ditmire et al., 1998!. Then the measured increase of the scattered signal after this point allows us to estimate the cluster size as a function of backing pressure. Using this scaling method, we inferred from the experimental data that for Ar at 1 MPa, the average cluster radius ranged from 0.9 6 0.2 nm~N c Ϸ 90 at 258 K! up to 2.6 6 0.5 nm~N c Ϸ 2 ϫ 10 3 at 151 K!. The error in the estimate of N c is about 650%.
The time-integrated soft X-ray emission in the wavelength region 4-18 nm was measured with a space-resolving, flat-field XUV spectrometer~Choi et al., 1997!. The spectrograph utilizes a varied line-spacing concave grating with 1200 lines0mm in combination with gold-coated toroidal mirror and a back-illuminated X-ray charge-coupled devicẽ CCD; Princeton Instruments!. The spectral resolution was approximately 0.02 nm near 20 nm, and the resolving power was about 1000. The spectrograph was positioned to view the plasma transversely with respect to the driving laser. The obtained spectra were corrected for the diffraction efficiency of the grating, reflectivity of the toroidal mirror, and quantum efficiency of the CCD. Figure 4a shows a spectrum of Ar between 4 and 18 nm obtained with a 25-fs laser pulse at room temperature. The gas jet backing pressure was 1 MPa and the signal was integrated over 100 shots. In Figure 4a, . For that reason, the X-ray spectrum in Figure 4a has an abundance of lines belonging to transitions in Ar 7ϩ and also Ar 6ϩ due to the collisonal-radiative cascade 
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processes. In contrast, Figure 4b obtained at 196 K shows a completely different spectrum. First, the X-ray line emission significantly increased. Second, the spectral distribution has changed in such a way that the lines belonging to Ar 8ϩ and Ar 9ϩ appeared as dominant in Figure 4b . It should be noted that the threshold intensity to generate Ar 9ϩ ions by OFI is ;1.6 ϫ 10 18 W0cm 2 , approximately 20 times higher than that used in our experiments. The presence of strong resonance lines of Ar 8ϩ~2 p-3s at 4.87 nm and 4.92 nm! indicates that high electron temperature was achieved and the plasma parameters are fairly different from the previous case of cold recombining OFI plasma. The drastic change in X-ray spectrum is clear evidence of collisional processes occurring in near-solid-density Ar clusters.
The role of cluster size in the interaction has been explored by performing a precise temperature scan in which we investigated the dependency of X-ray line emission on temperature. Figure 5 shows the relative peak intensity values for three selected radiative transitions belonging to different charge states of Ar~Ar 7ϩ 3s-4p near 15.9 nm, Ar 8ϩ 2p-3s at 4.87 nm, and Ar 9ϩ 2s 2 2p 5 -2s2p 6 at 16.55 nm! as a function of the preexpansion gas temperature at a fixed backing pressure of 1 MPa. In all cases, the X-ray yield exponentially increases with cooling, and finally saturates at a temperature which exhibits dependency on the ionization state. From the data, we inferred that the emission on the Ar 7ϩ line saturates around 233 K being ;45 times stronger than that at room temperature while both Ar 8ϩ and Ar 9ϩ lines reach saturation around 193 K. An interesting feature in Figure 5 is the stepwise appearance of subsequent Ar charge states. At room temperature, the highest charge state in the spectrum is Ar 7ϩ ; however, as the temperature is lowered down to 273 K, lines belonging to the next higher stage Ar 8ϩ first appear and start to increase. Finally, when the temperature reaches about 253 K, the Ar 9ϩ lines appear. Note that due to the existence of a large number of spectral lines between 16 nm and 18 nm, we were not able to distinguish exactly at what temperature the Ar 9ϩ lines appeared above the background level and it could be possible that the lines were present at somewhat higher temperatures just being overlapped with the neighboring lines. Analogous data have been obtained for Ar at 0.5 MPa; however, the saturation points were shifted toward lower temperatures, which just confirms that the change in cluster size is responsible for the result in Figure 5 .
The experimental results can be explained in terms of a simplified physical picture which originates from the hydrodynamic model of Ditmire et al.~1996 !. At room temperature there are no clusters~or just a negligible amount! in the Ar jet and the radiation on Ar 7ϩ lines is caused mainly by the recombination in cold OFI plasma. While cooling, Ar clusters are formed in the jet and gradually grow in size with decreasing temperature. Though the first electrons are produced by OFI, due to the high local density within the clusters, collisional ionization becomes quickly dominant and results in the generation of high ionization stages. As the cluster size increases, the higher positive charge of a larger cluster confines ionized electrons inside the cluster, and they can be heated more efficiently via inverse bremsstrahlung. The resulting highly ionized hot plasma undergoes expansion associated with cooling. Although the time-integrated data do not provide information about the dynamics, it is realistic to assume 
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T. Mocek et al. that the emission on lines from Ar 9ϩ is due to collisional excitation. Since the rate of collisional excitation is significant only for the transitions with energies comparable to the electron temperature, this mechanism is expected to dominate only in the initial hot plasma before expansion. After the plasma has cooled, three-body recombination into the upper levels of the next lower ionization stages followed by a collisional-radiative cascade will become the dominant mechanism of X-ray production. We have observed signal on the Ar 9ϩ 2s 2 2p 5 -2s 2 2p 4 3s line near 4.4 nm growing with decreasing temperature; however, the intensity was quite low when compared with the other spectral lines, namely Ar 9ϩ 2s 2 2p 5 -2s2p 6 . This may indicate that the desirable high temperature for collisional excitation into the upper level was attained over a short time before it dropped due to the conductive cooling and hydrodynamic expansion. The emission on resonance lines of Ar 8ϩ is due to the combination of collisional excitation in Ar 8ϩ ions and recombination of Ar . The same holds in the case of Ar 7ϩ lines until they saturate. Since the signal on lines from Ar 8ϩ and Ar 9ϩ continues to grow with decreasing temperature, a significant portion of the emission on the Ar 7ϩ line can be attributed to the recombination from Ar 8ϩ in later time of plasma evolution. From the spectral data, we deduce that the nonlinear growth of X-ray line emission with increasing cluster size is caused by more efficient collisional heating and slower hydrodynamic expansion of larger clusters. The average charge state increases with cluster size and the corresponding longer decay of an underdense plasma results in stronger X-ray emission due to recombination.
The changes in the X-ray spectrum indicate transformation of the target medium from atomic gas to small clusters which grow in size with decreasing temperature. A spatially resolved spectrum also showed that the size of plasma increased with cooling. Note that the first change in the soft X-ray spectrum was observed at a somewhat higher temperature of about 273 K than that corresponding to the onset of signal detection in the Rayleigh scattering measurement around 253 K. The spectroscopic result clearly showed that X-ray spectroscopy serves as a more sensitive indicator of the presence of small-sized clusters than the standard scattering measurement that presumably starts to show appreciable signal for clusters with typically more than 100 atoms. This suggests that the collisional heating is important even for small-sized Ar clusters composed of a few tens of atoms. In this context, our experimental results strongly support validity of the theoretical simulation by Ditmire~1998!.
Previous studies~Ditmire et al., 1996 studies~Ditmire et al., , 1998 Zweiback et al., 1999 ! on laser-cluster interaction pointed out the importance of spherical resonance absorption for efficient deposition of laser energy into clusters. To estimate the contribution of spherical resonance absorption in our experiment, we have performed a simple calculation having as its goal the assessment of the decay time of the plasma necessary to expand from the near-solid to 3n c density~n c ϭ1.7 ϫ 10 21 cm Ϫ3 !. Figure 6 shows an example of calculated electron density~in units of n c ! of Ar cluster plasma for typical experimental conditions. The initial electron temperature was expected to be of the order of hundreds of electron volts, initial electron density was 1.4 ϫ 10 23 cm Ϫ3~i nitial lattice spacing of 0.37 nm gives the initial ion density of about 1.8 ϫ 10 22 m Ϫ3 !, and average charge state was 8. The initial cluster radii were taken to be 1 nm and 2 nm, as deduced from the Rayleigh scattering measurement. In the calculation, we assumed adiabatic expansion of a uniform density sphere with the surface moving at a sound speed. Even assuming an overestimated initial electron temperature of 1 keV~higher temperature leads to faster expansion! and neglecting the time necessary for the build-up of this temperature, we obtained an expansion time of about 50 fs for the initial cluster radius of 2 nm, and 25 fs for a 1-nm cluster. As these values likely largely underestimate the real time of reaching the resonance condition, it is clear that the 25-fs laser pulse encounters cluster plasma with an electron density larger than 3n c , and thus that the resonance absorption is not a dominant heating mechanism in this case.
The influence of laser pulse duration on the X-ray spectrum has been examined by varying the pulse length from 25 fs up to 100 fs while the laser energy was kept constant. At room temperature, we observed a gradual decrease of the entire X-ray emission with increasing laser pulse length. Such behavior is consistent with the assumption that OFI which strongly depends on laser intensity is the main ionization mechanism at room temperature, that is when no clusters are formed. In contrast, while decreasing the temperature, we found that although the peak laser intensity was reduced four times, the 100-fs laser pulse resulted in stronger emission on lines from high charge states, such as Ar . Figure 7 compares the spectra from Ar~p 0 ϭ 1 MPa, T 0 ϭ 221 K! obtained with~a! a 25-fs and b! a 100-fs laser pulse. Beside the enhanced~by a factor of Fig. 6 . Calculated electron density~normalized to n c ! of Ar cluster plasma under conditions:~a! R ϭ 1 nm, kT e ϭ 500 eV,~b! R ϭ 1 nm, kT e ϭ 1 keV, c! R ϭ 2 nm, kT e ϭ 500 eV, and~d! R ϭ 2 nm, kT e ϭ 1 keV. about 2! emission on Ar 8ϩ and Ar 9ϩ lines, the remarkable feature in Figure 7b is ! ions did not exhibit any change with increasing pulse duration, we are convinced that the line at 15.18 nm in Figure 7b really belongs to Ar 10ϩ . The data obtained for different pulse lengths clearly indicate that the application of a 100-fs pulse resulted in more efficient collisional heating of the Ar cluster plasma. The higher electron temperature with the 100-fs pulse was attained, providing a larger abundance of high charge states. As a direct consequence, X-ray yield from these states was enhanced. Also, this experimental result is consistent with the hydrodynamic model of Ditmire et al.~1996!, suggesting that the resonance absorption condition could be reached for the 100-fs pulse.
SUMMARY
In summary, we have shown that soft X-ray emission from a cryogenically cooled Ar jet irradiated by an intense, femtosecond laser pulse exhibits features characteristic for highly ionized, dense cluster plasma dominated by collisional processes, which is fairly different from the plasma produced by OFI in a low-density atomic gas of Ar. We have observed a rapid nonlinear increase of soft X-ray emission on lines from Ar 7ϩ , Ar 8ϩ , and Ar 9ϩ charge states and attributed these phenomena to efficient collisional heating of growing Ar clusters. Even though the resonance absorption is no longer the dominant heating mechanism for 25-fs laser pulses, the experimental result showed that the collisional heating itself could provide sufficient heating of the cluster, and by varying the cluster size, soft X-ray yield on certain transitions could be maximized. By extending the laser pulse length from 25 fs to 100 fs, considerably higher X-ray yield from the high charge states was observed in the covered spectral region, showing more efficient absorption of the 100-fs laser pulse. 
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